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+e ground motion response in a moderately stiff soil in seismic events has been traditionally studied based on the actual field
records which, however, have yet to offer consistent results regarding the amplification effect of the ground motion. In the present
study, a centrifuge model of the moderately stiff soil field is designed to study the amplification effect of the ground motion in
response to seismic loads. Four El Centro waves of different strengths are used as the input wave at the base under a gravitational
field of 75 g. Ground motion data at different depths are collected via a number of sensors to study the acceleration peak, time
history, and response spectrum of the ground motion. +e measured amplitude and energy of seismic waves are found to
gradually increase from the bottom to the surface during the propagation of seismic waves, and the peak acceleration at the surface
is significantly magnified. +e response spectrum analysis shows that the acceleration response spectrum gradually moves to the
high-frequency direction from the base to the surface and the value of the response spectrum decreases with the increase of the
depth in the present study.

1. Introduction

Seismic field evidence has shown that the site conditions are
important factors that influence the groundmotion response
and the seismic damage [1]. In the past few decades, ad-
vances in the field of seismic engineering and continuous
development of ground motion monitoring technologies
have offered various methods for characterizing the ground
motion site effect, including the empirical method [2–5], the
numerical simulation method [6–12], and the indirect es-
timation method [13]. Some of these methods have been
incorporated into the seismic design codes in various
countries and are widely used by the engineering commu-
nities [14–16]. Of particular interest is the ground response
of the natural soil site condition commonly encountered; a
typical soil usually possesses a modest stiffness, i.e., the site
condition is neither extremely stiff nor extremely soft, and
typically can be described as moderately stiff. For instance, in

China, a very large part of the country can be considered to
be located in moderately stiff soil sites [17]. +e site con-
ditions are typically categorized based on the soil site’s shear
wave velocity in several national standards and building
codes. In 1997 Uniform Building Code [14] and NEHRP
[15], a site with a moderate range of shear wave velocity
between 180m/s and 360m/s is considered as a stiff soil
profile, which is lower than the hard rock, rock, and soft rock
but higher than the soft soil profile, whereas a soil of such
range is considered as a moderately stiff soil site in Chinese
Earthquake Design Code [16].

+e strong amplification effect of ground motion in a
moderately stiff soil site has been recognized to be a factor of
concern for seismic evaluation, even though it is believed
that a moderately stiff site is in general a favorable location
for earthquake resistance. Seismic damage of rigid structures
with a short natural vibration period is usually severe on very
stiff sites [18]; therefore, it is strongly possible that the
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response of moderately stiff site conditions cannot be
underestimated either. However, several studies based on
the actual field observation records have reported signifi-
cantly different results about the amplification effect of
ground motion in the moderately stiff site conditions [19],
possibly due to the particularity of geological conditions and
the uncertainty of seismic events.

+e principal response of the ground motion is represented
by the amplification effect across the depth from the ground
motion source to the ground surface. However, most of the
recent research studies have mainly focused on the amplifi-
cation effect of ground motion at the ground surface or the
influence of different geological terrains [20–22]; the amplifi-
cation effect below the ground surface has not yet been ex-
tensively investigated. Lai et al. [23] used a layered shear box and
conducted a series of centrifuge tests on Nevada dense sand to
simulate the response process of the soil under a one-dimen-
sional seismic response. Lee et al. [24] carried out centrifugal
model tests on saturated sand and dry sand and studied the
relationship of amplification factor with base acceleration and
soil depth. Liu et al. [25] studied the seismic response of sandy
soil foundation with a centrifuge shaking table test and analyzed
the boundary effect of the laminated model box. It was then
extended to different test conditions of sandy soil, clay, and
layered soil under the input of natural waves. +e results
showed that the low-frequency amplification at the sand surface
ismost significant and the peak acceleration amplification factor
is around 1.4. Afacan [26] simulated the ground motion re-
sponse of soft clays with centrifugal model tests and reported
that the amplification factor of surface acceleration decreased
with the increase in base acceleration.Hashash et al. [27] studied
the medium-dense sand in centrifuge earthquake motion and
compared the centrifugal testing results with those from dif-
ferent modeling methods before eventually suggesting some
strategies to predict one-dimensional site response. Besides the
abovementioned laboratory efforts which are primarily devoted
to sands or soft clays, limited seismic field observation records
available do not offer consistent conclusions regarding the
amplification effect in moderately stiff sites, either [28, 29].
Much research is still needed to improve the understanding of
the amplification effect, in particular, in moderately stiff soil
sites.

+e present study is aimed to simulate the ground response
of a moderately stiff soil site with dynamic centrifuge model
testing to identify the variation of the amplification effect with
depth. Under the action of different intensity of ground motion
input sources, the present study attempts to obtain the complete
time history records of ground acceleration at different depths
of ground soil, analyze the critical ground motion parameters,
and eventually reveal the nonlinear amplification effect of
ground motion at different depths of a moderately stiff soil.

2. Test Procedure

+e soil for the test was collected from a construction site in
Binhai District, Tianjin, China; it was retrieved from 10m
below the ground surface, totaling approximately 1m3. +is
dense clay can be classified as a lean clay whose properties and
testing conditions are summarized in Table 1. After a typical

process of drying including air drying, drying-grinding,
screening, and stirring, the test soil with a density of 2.0 g/cm3,
moisture content of 15%, and void ratio of 0.48 was prepared.
+e adopted moisture content and density are selected based
on empirical data on typical moderately stiff soils found in
China. +e soil was prepared and compacted at the selected
moisture content in four layers in the model box.

2.1. TestDesign. Figure 1 shows the centrifuge testing system
used in the present study. +e TLJ-500 centrifuge testing
system of Chengdu University of Technology (China) is
employed to provide high-precision one-way horizontal
vibration under the 75 g centrifugal acceleration. +e model
box used in the test is a laminated ring-type layered shear
model box. Some studies [25] have shown that the laminated
ring-type layered shear model box can effectively reduce the
lateral boundary effect.+e size of themodel box is 1000mm
(length)× 600mm (width)× 740mm (height), and the actual
mass is about 380 kg. It is the largest shear model box in
China at present. +e shear box consists of 12 layers of
hollow aluminum rings. +e maximum relative displace-
ment of the two adjacent rings can reach 6mm. A 1mm
thick strong rubber mold is installed in the box to ensure the
tightness of the model box, which makes it also suitable for
soil sample tests under high moisture content.

In the present study, the centrifuge model is carefully
planned for the testing of a homogeneous hard clay site. In
order to reduce the influence of the lateral boundaries and
obtain more accurate acceleration records, five micro-
acceleration sensors are placed in the middle of the model
box from top to bottom to monitor the strong vibration.+e
widely used El Centro seismic wave is selected as the input
wave at the base to simulate earthquake motion, and the
seismic wave with different intensity is simulated by
adjusting the input peak acceleration. +e acceleration peak
value, time history, and response spectrum of the tested soil
are obtained based on the measurements from the accel-
eration sensors.

+e dimensions of the test model and the locations of the
sensors are shown in Figure 2. It is generally beneficial to
avoid excessively large or tall boxes that may result in sig-
nificant inaccuracies; hence, to simulate the soil of a modest
depth, for example, 30m in the moderately stiff site, the
height of the soil is designed to be 400mm, with a centrifugal
acceleration of 75 g used in the present study. Consequently,
the main similarity constants (model/field) involved are as
follows: acceleration similarity factor Ca � 75, time similarity
factor Ct � 1/75, and frequency similarity factor Cf � 75.

+e dynamic parameters of the soil site include the
maximum dynamic shear modulus Gmax and shear wave
velocity Vs of the soil layer. +e empirical formula for co-
hesive soil given by Hardin and Black [30] is widely used and
can be expressed as follows:

Gmax � 102
(2.973 − e)

2

1 + e
σ0( 􏼁

0.5
, (1)

where σ0 is the effective consolidation stress and e is the void
ratio. Meanwhile, the shear wave velocity Vs can be obtained
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from the well-known wave velocity equation, Gmax � ρV2
s ,

once Gmax is determined. Figure 3 shows the shear wave
velocity calculated from these equations. It can be concluded
that the shear wave velocity of the site at the depth of 30m is
approximately 205m/s. According to the NEHRP site
classification code [15], the model site can be classified as a
Class D (stiff soil) site.

2.2. Input Waves for Ground Motion. In the present cen-
trifuge shaking table test, an El Centro wave is used to
simulate the ground motion source; the intensity of each
input seismic wave is controlled by controlling its peak
acceleration, which is summarized in Table 2. It is worth
noting that in order to avoid or reduce the cumulative effect
of continuous input of the four seismic waves, the vibration
tests of four seismic waves were not carried out continu-
ously. After the completion of a vibration test, the sidewalls
of the model box were fixed so as to restrain its potential
movement and the centrifuge was run continuously for five
hours in an attempt to restore the model to the initial state,
before the next vibration test was conducted.

It is noted that when applying the seismic wave in each
vibration test, both the amplitude and the duration of the
original input seismic wave should be firstly scaled according
to the similarity factor (Ca �Cf � 75) before the base ground
motion input for the actual centrifuge model test can be
obtained. +e final actual loaded seismic waveform is shown
in Figure 4, including the four seismic waves summarized in
Table 2.

3. Results

3.1. Peak Value of Ground Motion and Its Variation with
Depth. Figure 5 shows the acceleration-time history
recorded by the five sensors in the model box in response to
the four input waves; the locations of the five sensors A1∼A5
in the model box correspond to the depth of 30.0m, 22.5m,
15.0m, 7.5m, and 0.0 in the field, respectively. It is evident
from each response in Figure 5 that the ground motion
across the depth is of high consistency in the waveform and
basically retains the waveform of the input seismic wave as
shown in Figure 4. Because of the small filtering effect, the
amplitude and energy of the seismic wave increase gradually
in the wave propagation process from the bottom.

+e peak ground acceleration (PGA) value at each sensor
is also indicated in Figure 5. +ese values are plotted across
the depth in Figure 6. Overall, it shows a considerable
amplification effect in the moderately stiff soil field,

especially when the amplitude of the input seismic wave is
high. However, the variation is not linear and the peak value
appears to approach the maximum near the ground surface.

It is useful to normalize the peak acceleration of the
ground motion with respect to the input acceleration to
highlight the amplification effect. A peak acceleration am-
plification factor, Fa, is introduced, as it is defined as the ratio
of the peak acceleration recorded in each layer to the peak
input from the base. Figure 7 shows the distribution of the
amplification factor under all four different input waves in
the present study. It can be seen that the amplification factor
in the present study varies from the bottom to the surface.
+e three responses to EL-2, EL-3, and EL-4 seem to yield
very consistent results, whereas the EL-1 wave at a low input
acceleration leads to larger variations across the depth. +e
results of the amplification factor Fa at the ground surface
are summarized in Table 3. +ey are between 1.95 and 2.19
with an average value of 2.01. Overall, the amplification
factor at the ground surface grows with the increase of the
input peak, with the exception of EL-3 which leads to a
slightly smaller amplification factor.

It is of interest to assess the presented results with several
available recent findings [25, 27, 31]. In Figure 7, the results of
each study examined are denoted by the authors followed by the
year published. It should be noted that the differences among
these studies could result fromdifferent tested soils and different
base input peak accelerations. Lee et al. [24] used a base input
peak acceleration of 0.2 g on a saturated sand. Cao et al. [31]
applied to a soft clay a base input peak acceleration of 0.10 g,
0.15 g, and 0.40 g. Hashash et al. [27] investigated a medium-
dense sand with a peak base acceleration of 0.33 g and 0.76g.
Across all results summarized herein, there is roughly a
common trend that the amplification factor first decreases from
the bottom before increasing upward. +e responses in the soft
clay as studied by Cao et al. [31] actually demonstrate the at-
tenuation effect, as the amplification factors are below 1. Results
on sands from Lee et al. [24] and Hashash et al. [27] indicate
some modest amplification effect. +e present centrifuge study
on a moderately stiff clay demonstrates a significantly greater
amplification effect, as the maximum amplification factor in
each test is between 1.95 and 2.19.

3.2. Acceleration Response Spectrum and Its Amplification
Effect. +e response spectrum characteristic is also an im-
portant index to characterize and describe the ground
motion and it is usually affected by the geological conditions.
It is well known that the response spectrum analysis plays an
important role in the seismic design of structures [32]. Based
on the acceleration-time history results presented in Fig-
ure 5, the acceleration response spectra of different layers
can be calculated under different wave inputs and the results
are plotted in Figure 8. +e acceleration response spectrum
from the bottom to the surface tends to move to the high-
frequency direction, and the value of the response spectrum
decreases with the increase of the depth. +ese trends are
very consistent in all four tests. It can also be seen that the
response spectrum from EL-1 to EL-4 generally increases as
the peak acceleration of the base input increases.

Table 1: Basic properties of the tested soil.
Density (g/cm3) 2.0
Moisture content 15%
Void ratio 0.48
Plastic limit 12%
Liquid limit 44%
Specific gravity 2.6
Cohesion (kPa) 23.0
Fiction angle (°) 25.6
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To explore the amplification effect on the acceleration
response spectrum, a normalized acceleration response
spectrum ratio, defined as the ratio of the acceleration re-
sponse spectrum to the input ground motion response
spectrum at each period, is calculated and plotted in Fig-
ure 9. It can be seen the variations of this ratio mainly fall
between 0.7 and 10. +e average ratio is close to 1.8∼1.9 as
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Figure 1: (a) +e TLJ-500 centrifuge testing system; (b) laminar model box; (c) shaking table.
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Figure 3: Shear wave velocity across the depth.

Table 2: Ground motion input in the centrifuge model test.

Wave Peak value (g) Duration (s)
EL-1 0.032 60
EL-2 0.124 60
EL-3 0.140 60
EL-4 0.169 60
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Figure 5: Continued.
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Figure 5: Acceleration-time history response. (a) EL-1; (b) EL-2; (c) EL-3; (d) EL-4.
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Table 3: Ground motion amplification factor (Fa) under various test conditions.

Wave input Input peak (g) Ground surface Fa
EL-1 0.032 1.95
EL-2 0.124 1.99
EL-3 0.140 1.91
EL-4 0.169 2.19
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Figure 8: Acceleration response spectrum. (a) EL-1; (b) EL-2; (c) EL-3; (d) EL-4.

8 Shock and Vibration



indicated by the average line in the figure; the average is
herein calculated as the mean value of all data at the five
locations. Although the variation of the acceleration re-
sponse spectrum ratio across the depth does not offer an
evident trend, there are two notable observations about the
apparent peak and lowest ratios shown in Figure 9. +e
lowest ratio occurs in the response spectrum period of 0.4 s
to 0.6 s, which corresponds to the maximum acceleration
response spectrum shown in Figure 8; meanwhile, the
highest spectral ratio appears at 6.0 s of the spectrum period,

which coincides with the period for the lowest acceleration
response spectrum (Figure 8).

4. Conclusion

+e response of a moderately stiff site in seismic events is of
significant importance in the analysis and assessment of the
geotechnical and structural performance in earthquake
engineering, as a moderate stiffness reflects the condition of
a broad range of actual geomaterials on earth. +e present
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Figure 9: Normalized acceleration response spectrum. (a) EL-1; (b) EL-2; (c) EL-3; (d) EL-4.
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study investigates the amplification effect of the ground
motion across the depth of a moderately stiff soil via a
centrifuge model test. A 75 g centrifugal acceleration is used
and a similarity factor of 75 adopted in the design of the
model test to simulate the response of a 30m deep soil field.
+e acceleration peak value, time history, and response
spectrum are carefully analyzed based on the measurements
from the installed acceleration sensors through the soil in a
series of tests where El Centro waves of different intensities
are used.+e groundmotions recorded at different depths of
the soil field show a high consistency in the waveform,
basically retaining the initial waveform of the input seismic
wave. +e results of the present study show that the am-
plification factor tends to increase gradually from the bottom
to the surface. +e maximum amplification coefficient of the
ground motions is found to vary between 1.95 and 2.19 and
located close to the ground surface. +e spectrum analysis of
the ground motion shows that the acceleration response
spectrum from the bottom to the surface tends to move to
the high-frequency direction, and the value of the response
spectrum decreases with the increase of the depth. +e
acceleration response spectrum ratio is found to vary be-
tween 0.7 and 10 with an average ratio of approximately
1.8∼1.9 in the present study.
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